The relationship between the place of electrical stimulation from a cochlear implant and the corresponding perceived pitch remains uncertain. Previous studies have estimated what the pitch corresponding to a particular location should be. However, perceptual verification is difficult because a subject needs both a cochlear implant and sufficient residual hearing to reliably compare electric and acoustic pitches. Additional complications can arise from the possibility that the pitch corresponding to an electrode may change as the auditory system adapts to a sound processor. In the following experiment, five subjects with normal or near-to-normal hearing in one ear and a cochlear implant with a long electrode array in the other ear were studied. Pitch matches were made between single electrode pulse trains and acoustic tones before activation of the speech processor to gain an estimate of the pitch provided by electrical stimulation at a given insertion angle without the influence of exposure to a sound processor. The pitch matches were repeated after 1, 3, 6, and 12 months of experience with the sound processor to evaluate the effect of adaptation over time. Pre-activation pitch matches were lower than would be estimated by a spiral ganglion pitch map. Deviations were largest for stimulation below 240 degrees and smallest above 480
Introduction
As more subjects with residual hearing (and subjects with more residual hearing) receive cochlear implants (CI), there are increased opportunities to compare the relationship between the pitch sensation produced by stimulating an electrode and that produced by an acoustic stimulus. The relationship between the place of stimulation and the corresponding perceived pitch is important for both an understanding of the auditory system and for optimally fitting a CI. It is plausible that a more precise allocation of pitch information from an electrode to the corresponding place might contribute to better overall performance, shorter times to asymptotic performance (Buchman et al., 2014) , and an easier integration between acoustic and electric information.
Pitch matching of electric and acoustic stimuli is presumably dependent on both the amount and quality of the residual acoustic hearing as well as the subject's adaptation to their speech processing strategy and electrode frequency allocation with their CI. Several investigators have presented results from electric-acoustic pitch matching studies in experienced users of different CI systems with varying degrees of compromised residual hearing (Baumann and Nobbe, 2006; Bo€ ex et al., 2006; Carlyon et al., 2010; Dorman et al., 2007; McDermott et al., 2009; Schatzer et al., 2014; Vermeire et al., 2008) . Several of the studies found that the pitch elicited through stimulation of intracochlear electrodes is generally between one and two octaves lower than estimated by Greenwood's (1990) frequency-position function (Blamey et al., 1996; Bo€ ex et al., 2006; Dorman et al., 2007) . Blamey et al. (1996) conducted pitch-comparison experiments in 13 subjects with relatively poor hearing in their non-implanted ear. Results were quite variable across subjects, and the pitch elicited through stimulation of intracochlear electrodes was generally lower than estimated by Greenwood's frequency-place function. Bo€ ex et al. (2006) and Dorman et al. (2007) tested subjects that had better hearing thresholds in the non-implanted ear. Thus, pitch-matching data were less compromised by hearing loss and abnormal cochlear function. When frequency-place maps were constructed, most matches were approximately one octave lower than predicted by Greenwood. Baumann and Nobbe (2006) , on the other hand, found pitch-matches that were on or above the Greenwood frequencyplace function for the six most apical electrodes in six MED-EL COMBI 40þ users. Furthermore, a number of studies have examined acoustic-electric pitch matching in subjects with near-normal hearing in the non-implanted ear. Schatzer et al. (2014) conducted pitch-comparison experiments in eight experienced CI users with near-normal hearing in their non-implanted ear. Deviations of frequency-place functions relative to Greenwood were approximately half an octave at electrode insertion angles below 480 , increasing to an octave at higher angular locations. Other studies found that in subjects with normal or near-normal hearing in the non-implanted ear, matches did not deviate consistently from the predictions of Greenwood's formula (Carlyon et al., 2010; Vermeire et al., 2008) . Vermeire et al. (2008) performed pitch-scaling experiments with 14 subjects with functional hearing in the nonimplanted ear. They found that electrical stimulation produced a frequency-place function that, on average, resembles Greenwood's function. In Carlyon et al. (2010) , four CI users with normal hearing in the non-implanted ear compared pitch percepts of electrical and acoustic stimuli presented to the two ears. Results of these comparisons did not show a deviation of electrical pitch percepts from the predictions of Greenwood's cochlear frequency-to-place formula.
For experienced CI subjects, the perception of pitch of a given electrode might be influenced by the frequency range presented on that electrode by frequency allocation of their sound processor. The discrepancy between the frequency represented at a given cochlear location by a speech processor and the expected frequency at the equivalent location in the normal ear is increased when the insertion is shallow. Reiss et al. (2007 Reiss et al. ( , 2014 investigated the effects of place pitch adaptation over time to short Hybrid (mostly 10 mm) electrode arrays. Subjects with residual ipsilateral hearing and combined electric-acoustic stimulation pitch matched the most apical electrode of the shallow Hybrid insertion with their residual hearing. Although the predicted place-pitch frequency for the most apical electrode is between 2800 and 4700 Hz (Greenwood, 1990; Stakhovskaya et al., 2007) , the corresponding pitch matches were found to deviate towards the frequency range allocated to the most apical electrodes in most subjects. Although pitch matches did not usually adapt completely to the allocated frequencies, place pitch percepts sometimes shifted by as much as 3 octaves from the Greenwood prediction towards the allocated frequencies, over a time frame of several months. These results suggest that while the mature auditory system has the ability to adapt greatly to deviations in place pitch, there are limitations to the amount of adaptation possible.
Similarly to Reiss et al. (2007 Reiss et al. ( , 2014 , we have examined the effect of time on the changes in electrode place pitch. However, our study examined a very different patient population. Specifically, subjects had much longer and deeply inserted electrode arrays (either MED-EL FLEX SOFT or MED-EL FLEX 24 arrays with a maximum insertion angle ranging from 367 to 685 ) and near normal hearing in the contralateral ear. Our initial pitch matches were made pre-activation, allowing estimates of electric place pitch across a large extent of the cochlea without compromise of limited acoustic input and the confounds of adaptation to a speech processing strategy. Subsequently, the pitch-matches were re-evaluated at 1, 3, 6, and 12 months to observe the stability of the percepts over time and the effects of adaptation to a deeply inserted electrode which provides a frequency allocation closer to the corrected estimate of place pitch (Stakhovskaya et al., 2007) . While Reiss et al. (2014) investigated place pitch only for the most apical electrode due to the sloping hearing loss in their Hybrid-array subjects, we were able to longitudinally track place pitch percepts along the full electrode array, including at basal cochlear regions, as contralateral hearing thresholds in our subjects were ranging from normal to a moderate loss across frequencies. The study was approved by the University of Antwerp Ethics Committee.
Material and methods

Subjects
Five adult subjects participated in this study. All subjects suffered from severe unilateral tinnitus resulting from ipsilateral sensorineural deafness. Demographic information about the participants can be found in Table 1 . All subjects also participated in a previously reported study on the effectiveness of cochlear implantation as a treatment for unilateral tinnitus (Punte et al., 2011) . Each of the subjects had a significant reduction of their tinnitus from stimulation by their implant.
All subjects were implanted with a MED-EL SONATA device with either a 31-mm FLEX SOFT electrode (S1, S2, S4, and S5) or a 24-mm FLEX 24 electrode (S3). All subjects had full insertions as confirmed by post-op radiography. The electrode insertion angles for all subjects are presented in Fig. 1 . The average age at the time of surgery was 57; 7 years (range: 44; 4e63; 1 years) and the average duration of deafness was 5 years (range: 9 months e 9 years). All subjects had functional hearing in the contralateral ear. Individual audiograms of the contralateral ears are plotted in Fig. 2 .
Electrode design
Both FLEX SOFT and FLEX 24 arrays have 12 equally spaced electrodes. The length of the FLEX SOFT array from the tip to the marker ring indicating full insertion into the cochlea is 31.5 mm. The contact spacing is 2.4 mm, resulting in an extent of 26.4 mm from the most apical electrode (E1) to the most basal electrode (E12). E1 has a distance of approximately 30 mm from the marker ring. The FLEX 24 array has a length from tip to marker ring of 24 mm and a contact spacing of 1.9 mm, resulting in an active stimulation range of 20.9 mm E1 has a distance of approximately 22.9 mm from the marker ring. Both electrode arrays are straight and highly flexible, which typically results in a lateral-wall placement inside the scala tympani. In MED-EL SONATA implants the reference electrode for monopolar stimulation is located on the implant housing.
Determination of electrode positions
Postoperative radiographs were collected to determine the exact positions of the intracochlear electrodes. The radiographs were taken with the subject lying in a prone position on the angiography table (Angiostar plus, Siemens AG, Forchheim, Germany) and with the head tilted to the normal-hearing ear. The image of the intracochlear electrode array was made by directing the beam axis to the inner ear of the implanted side. The longitudinal and angular positions of the individual intracochlear electrodes were measured using the method described by Xu et al. (2000) . Based on those measures, the electrode insertion angles were estimated by three independent observers and calculated in a similar manner to Bo€ ex et al. (2006) . The means from the three observations were taken as electrode insertion angles. As in Vermeire et al. (2008) and Schatzer et al. (2014) , insertion angles were used to define apical, middle, and basal regions along each subject's electrode array. Electrodes with insertion angles up to 240 were assigned to the basal region, insertion angles beyond 480 to the apical region, and electrodes in between to the middle region.
Stimuli
The electric stimuli were single-electrode pulse trains consisting of un-ramped constant-amplitude biphasic pulses presented at 1500 pulses per second (pps) in monopolar configuration. The stimuli were delivered through a Research Interface Box II (RIB II, University of Innsbruck) and presented on one of eight electrodes (E 1e4, E6, E8, E10, E12) spanning the whole array. Pulse trains were 500 ms in duration. Pulse phase durations were 48.3 ms with an inter-phase gap of 2.1 ms. The stimulation rate used in this experiment was close to the mean clinical stimulation rate (1436 pps) for these patients. The selected phase duration was slightly longer than what was found in the clinical maps which had a maximum phase duration of 40.4 ms. The inter-phase gap was 2.1 ms in both the experimental stimuli and the clinical patient maps. The acoustic stimuli consisted of 500-ms pure tones which were faded in and out with 25 ms linear ramps. The tones were played through a standard PC sound card connected to circumaural headphones (Beyerdynamic DT150). The amplitude of the acoustic and electric stimuli was set according to the results of the loudness balancing (described below). All stimuli were clearly audible and comfortable.
Procedure 2.5.1. Loudness balancing
Before collecting pitch-matching data, it was important to ensure that all acoustic and electric stimuli were of equal loudness. In order to obtain equally loud stimuli, a number of steps were taken. First, a rough pitch match was quickly estimated for a comfortably loud single-electrode pulse train for each of the 8 tested electrodes active in a patient's map. The pitch-matched frequencies provided a rough estimate of the range of acoustic Fig. 1. Insertion angles for all 12 electrodes in each of the five subjects. Fig. 2 . Individual air-conduction pure-tone thresholds in the non-implanted ears.
frequencies required for the experiment. Additionally, for each electrode stimulus, acoustic frequencies that were judged as distinctly higher and lower in pitch, respectively, were determined. Second, all of the acoustic stimuli were loudness balanced to the frequency roughly corresponding in pitch to that of a middle electrode (E6) at a comfortably loud level. Third, the loudness of each single-electrode pulse train was balanced to the loudness of the roughly corresponding acoustic frequency. A two-interval procedure was used to obtain the informal pitch matches. The first interval contained a fixed single-electrode unmodulated pulse train presented at comfortable loudness. The second interval contained a pure-tone stimulus whose level and then frequency were repeatedly changed by the experimenter until it roughly matched the single-electrode stimulus both in loudness and pitch. The same procedure was used to bracket the electrode pitch and determine pure-tone frequencies perceived as distinctly higher and lower in pitch.
Loudness balancing of the acoustic stimuli was accomplished using a 1-up-1-down, two-interval two-alternative forced-choice (2I-2AFC) staircase procedure (Levitt, 1971) . Subjects were asked to identify which of the two stimuli was quieter. One stimulus (the reference) was always presented at a fixed amplitude while the amplitude of the other stimulus (the target) was adjusted based on the subject's response. The initial step size was 3 dB. After the first turning point, the step size decreased to 1 dB. The adaptive procedure ended after five reversals, and the arithmetic mean of the last four reversals was taken as the balanced loudness level. For the first acoustic loudness balancing, the comfortably loud presentation of the rough frequency estimate corresponding to E6 was used as the reference, and the target was one of the adjacent rough frequency estimates (i.e. the next one higher or lower in frequency.) The pattern of loudness balancing a frequency to the next adjacent frequency was repeated until all of the acoustic stimuli (those that were collected during the "rough estimate procedure") were balanced to a loudness equal to the original anchor point of the E6 frequency reference.
The amplitude of each single-electrode pulse train was adjusted to match the loudness of the corresponding acoustic stimulation. A 1-up-1-down, two-interval two-alternative forced-choice (2I-2AFC) staircase procedure was used with the acoustic stimulus as the reference and the electric stimulus as the target. Subjects were asked to identify which of the two stimuli was quieter. The amplitude of the electric stimulus was adjusted according the subject's response. The amplitude of the electric stimulus was changed by 3 current steps until the first reversal and by 1 current step afterwards. The adaptive procedure ended after five turning points, and the arithmetic mean of the last four turning points was taken as balanced loudness level.
Pitch matching
Pure tone frequencies that matched the pitches of the singleelectrode pulse trains were measured with a 1-up-1-down, 2I-2AFC adaptive procedure. In a given trial, subjects were presented with a 500 ms electric stimulus, followed by a 500 ms acoustic pure tone presented to the contralateral ear separated by a 300 ms interstimulus interval. Subjects were asked to identify which sound was higher in pitch. The frequency of the acoustic stimulus was adaptively changed up or down depending on the response of the subject. To ensure a constant loudness, the level of each acoustic stimulus was linearly interpolated from the levels of the two closest acoustic frequencies that had been previously loudness balanced. An adaptive track ended after 11 reversals, and the geometric mean of the last eight reversals was taken as pure tone frequency match for that track. The initial acoustic step size was 24% of the target frequency and changed to 12% after the first reversal and further to the final step size of 6% after the third reversal. A minimum of four matching attempts per electrode were conducted, two each with different acoustic starting frequencies that were distinctly higher and lower than the electrode pitch (as roughly estimated prior to the experiment). Matching procedures from distinctly higher and lower starting frequencies were designated as down-and upmatching procedures or tracks, respectively. Appropriate starting frequencies for the down-matching procedure were between the frequencies previously noted as distinctively higher and an octave higher. This octave range was divided into semitones. Note that one semitone is 1/12th of an octave, or adjacent keys on a piano keyboard. The starting acoustic frequencies for down-matching were randomly selected from the semitones in this octave range. Similarly, starting acoustic frequencies for the up-matching trials were randomly selected from semitones between the frequency noted as distinctively lower and the octave below. Thus, the starting frequencies for the four matching procedures could vary over a range of more than two octaves. The electrode order and starting frequencies were randomized across subjects.
The experiment was repeated at several intervals (pre-activation and after 1, 3, 6, and 12 months of CI use) for each patient. Due to scheduling time limitations, patient S4 was not evaluated after 3 and 12 months of CI use. During the time of the study, the frequency allocations of the sound processors were not changed.
Data analysis
In order to identify reliable pitch matches, a post-hoc analysis was done. Data points were validated to ensure that pairs of up and down tracks converged to address potential bias concerns raised by Carlyon et al. (2010) . The correction was performed similarly to the correction described by Schatzer et al. (2014) . The geometric mean of the frequency matches from converging pairs of up and down tracks was taken as the electrode pitch match.
One sample t-tests were used to determine if the pitch matched values deviated significantly from the spiral ganglion (SG) frequency map (Stakhovskaya et al., 2007) . Similarly, one sample ttests were also used to determine if the pitch matched values deviated significantly from the frequencies provided by the frequency allocation. Type I error correction for the multiple t-tests was performed using Rom's method (Rom, 1990) . A two-way repeated measures ANOVA was used to look for significant differences in pitch matches across visits and cochlear regions. Post-hoc pairwise analysis for the ANOVA was conducted using the HolmSidak method.
Results
The pitch percepts from single electrode stimulation before initial activation were not influenced by adaptation to the specific properties of the speech processor. The acoustic frequencies that successfully pitch matched to each tested electrode for all subjects are plotted in Fig. 3 . As a reference, the SG frequency map estimating frequency along the spiral ganglion as adapted for rotation angle from the round window (Stakhovskaya et al., 2007) is also plotted (solid green line). Overall, the mean deviation of the placepitch matches from the SG map estimate is 17.48 semitones (SE: 2.3), which was found to be significant (t 4 ¼ 7.46, p ¼ 0.002). The data were reanalyzed for three different angular insertion regions corresponding to the cochlear base (below 240 ), middle (between 240 and 480 ), and apex (beyond 480 ). Downward mean deviations were observed for all angular insertion regions (i.e. pitch matches were lower than predicted based on the SG frequency map). Specifically, the mean deviations from the spiral ganglion estimate were 29.04 semitones (SE: 8.5) in the basal region, 16.32 semitones (SE: 2.54) in the middle region, and 4.99 semitones (SE: 6.47) in the apical region. After Type I error correction using Rom's method (Rom, 1990) , one-sample t-tests detected significant deviations from the SG frequency map in the middle region (Middle: t 3 ¼ 6.43, p ¼ 0.008) but not in the basal or apical region (Base:
The frequency-place functions derived from the across-ear electric-acoustic pitch matches that passed the sanity checks (Carlyon et al., 2010) are shown in Fig. 4 for each time interval (preactivation, 1, 3, 6 , and 12 months post-activation). As a reference, both the corrected SG frequency map (solid green line) and frequency allocation (red dashed line) are plotted. It is worth noting that the default frequency allocation provides a closer match to the pre-activation pitch matches than the predicted SG frequency map, despite the listener not having had a chance to adapt to the frequency allocation. Nevertheless, a significant difference between the pre-activation matches and the frequency allocation is found (t 4 ¼ 3.01, p ¼ 0.040). However, when examined separately for the basal, middle, and apical cochlear regions, no significant differences were detected from the frequency allocation. After experience with the cochlear implant and frequency allocation table (i.e. at the 1, 3, 6, and 12 month follow-up visits), no significant differences between pitch match and frequency allocation tables are observed, even before Type I error correction. Exact values are presented in Table 2 .
To determine if there was a change in pitch matches over time, a two-way repeated measures ANOVA with cochlear region and visit as the two independent factors was conducted. Before the analysis, all frequency matches were log transformed. Average values were calculated for each cochlear region. Because no data were collected at 3 months and 12 months for subject S4, S4's data was excluded from the statistical analysis. Also subject S3 was excluded from the statistical analysis because S3 has a shallower insertion (FLEX 24 electrode) so there were no electrodes in the apical region. A main effect of cochlear region was found (F 2,15 ¼ 21.25, p ¼ 0.007). Using the Holm-Sidak method all but the comparison between the apical and middle regions were found to be significant. A main effect of visit was not observed (F 4,15 ¼ 2.78, p ¼ 0.101).
Discussion
The pre-activation pitch match settings provide an insight into the relationship between the place of electrical stimulation and the corresponding place pitch without the influence of adaptation to a sound processing strategy. Results suggest that the pitch perceptions reported by the subjects deviate from the place pitch estimates based on the spiral ganglion position (e.g. Stakhovskaya et al., 2007) . Statistically significant deviations from the predicted place pitch are observed, with the greatest deviations observed in the middle and basal region. For a given angle of insertion, acoustic pitch matches tended to be lower in frequency than predicted by Fig. 3 . Individual frequency-place functions for electrical stimulation in all five subjects at activation. The solid green line represents the spiral ganglion place-frequency as predicted by Stakhovskaya et al. (2007) . Only 2 successful pre-activation matches were made for S1 so the two data points for S1 are not connected by a line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). Blamey et al., 1996; Bo€ ex et al., 2006; Dorman et al., 2007) . Pitch matches were fairly stable across time; no significant main effect of visit was observed. By the first month post activation, deviations from the frequency allocation were small across all subjects. Perhaps this is because the default frequency allocation (red line in Fig. 4 ) is similar to the predicted spiral ganglion map (green line in Fig. 4 ) for all subjects with the long FLEX SOFT array (S1, S2, S4, and S5). Therefore, the frequencies provided by each electrode using their speech processing strategy do not require a large shift in perceived place pitch. For subject S3 (with the shorter FLEX 24 array), the deviations between the frequency allocation and SG map increase with insertion angle. Pitch matches for S3's more apical electrodes lie stably across time between the predicted frequency by the SG map and the frequency presented by the frequency allocation. There are at least three potential explanations for this observation. One explanation is that the frequency place mismatch for these electrodes are too large for complete adaptation. A second explanation is that a year is not sufficient time for complete adaptation. A third explanation is that the subject hears a representation of pitch both at the frequency encoded by the SG map and the frequency allocation and therefore pitch match to a frequency between the two representations as a compromise. The deviations between SG map and frequency allocation are further exaggerated with the 10 mm Hybrid array subjects examined by Reiss et al. (2007 Reiss et al. ( , 2014 . Some Hybrid subjects show close adaptation to the frequency allocation but nevertheless report greater frequency shifts than observed in S3. The Reiss et al. (2007 Reiss et al. ( , 2014 data in combination with the data presented in the current manuscript are consistent with the third explanation.
The magnitude of the deviations of frequency allocation from the natural tonotopic place may be relevant to performance with a cochlear implant. While it has been shown that subjects can adapt their place pitch maps to a frequency allocation (Fu et al., 2005; Reiss et al., 2014; Rosen et al., 1999) , there seems to be a limit to the degree of adaptation available to a patient (Fu et al., 2002) . Reiss et al. (2007) argue that "a closer match to the tonotopic place might allow implant subjects to reach asymptotic levels of speech performance faster after implantation." Indeed, recent data (Buchman et al., 2014) suggest that subjects with 31 mm MED-EL electrode arrays (and therefore presumably a closer match to the tonotopic place) both reach asymptotic performance more quickly, but also reach higher levels of performance than subjects with 24 mm MED-EL electrode arrays. It is however unclear if the difference in performance from these two arrays can be attributed to the apical stimulation, the presumably closer match to tonotopic place, or the reduced channel interaction from the increased spacing between adjacent contacts in the 31 mm array. Bilaterally deafened subjects might be more tolerant of place pitch shifts. With these subjects, a change in frequency allocation provides a shift in the world to which the subject can adapt. However, having frequency allocations approximating natural tonotopic place pitch may be even more important with single sided deafened subjects as the normal hearing ear will process frequencies at the correct tonotopic location. If there is a great place pitch mismatch between the electric and the acoustic hearing ears, it may be more difficult for subjects to fuse the percepts from both ears. A number of SSD patients at the Walter Reed National Military Medical Center report that switching to modified frequency allocations providing better place matches across ears than the default frequency provide better sound quality and fusion (Bernstein and Schuchman, 2015) . It is worth noting that creating frequency allocations that matches place pitch to the normal ear typically requires shifting up the frequencies allocated to the most apical electrode. Therefore, if both matching place pitch and electric representation of low frequencies is important for an SSD patient, then a longer electrode array is recommended.
